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ABSTRACT 
   This paper reports phase separation in thick (-1 pm) MOVPE  In,Gai_xN (x = 0.2-0.4) 
films grown by MOVPE at  570-750°C on AIN/Si(111),  a-A1203(0001) and 
 GaN/a-A1203(0001) substrates. Phase separation occurs when InGaN thickness exceeds a 
critical value. Critical thickness for phase separation is markedly increased with decreasing 
growth temperature. It is around 0.2 pm for a film grown at  750°C, while it is more than 1 pm 
for that grown at  570°C. No substrate dependencies are found in critical thickness. The 
cross-sectional SEM views of phase-separated films grown at  650°C show that phase 
separation is initiated at parts farer more than 0.2 pm from the substrate and extended to the 
area near the substrate. SIMS analysis hows a possibility hat phase separation is initiated 
at a part with relatively arge  In/Ga ratio fluctuations inInGaN films.
Keywords:  A1. Phase separation; A3. Metalorganic vapor phase epitaxy; B2.Nitrides
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INTRODUCTION 
   Direct-band-gap InGaN alloys have proven to be important materials because of their 
unique property of wide spectral tunability, which can be adjusted continuously from the 
ultraviolet to infrared region. This tunability offers many possibilities in a variety of device 
applications, including high-brightness vi ible light emitting diodes, lasers, and full-spectrum 
 multi-junction solar cells. In the growth of InGaN alloys, phase separation isthemost serious 
problem. For the development of a variety of InGaN-based device technologies, this 
phenomenon should be thoroughly understood and, then, growth conditions hould be 
optimized to avoid this problem if possible. For bulk InGaN and thin InGaN well layer in 
InGaN/GaN quantum structures, there have been many reports on phase separation and/or 
thermal decomposition of InGaN during growth and subsequent thermal processes. Ho and 
Stringfellow  [1] have theoretically showed that the large difference in interatomic spacing 
between GaN and InN gives rise to a solid phase miscibility gap. They also predicted that 
spinodal decomposition should result in the simultaneous formation of InN-rich InGaN and 
GaN-rich InGaN. However, such simultaneous formation of the two phases has not been so 
clearly observed. Very recently, by employing AIN/Si substrate and appropriate growth 
conditions of epitaxial InGaN, such as growth temperature and InN composition, we have 
clearly observed the simultaneous emergence of InN-rich  Ini_yGayN  (y-0.03) and GaN-rich 
 InzGai_zN  (z-0.03) as a result of phase separation of bulk  InxGai_xN  (x-0.3) at  650°C [2]. 
Such an emergence of the both phases was found to occur when InGaN thickness 
exceeded a critical value. This fact suggests that the development ofbulk InGaN devices is 
seriously influenced by this problem because the growth of thick InGaN films is a key step to 
the bulk InGaN device fabrication. For example, we need a thick InGaN to make a p-i-n 
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structure in the fabrication of homojunction I GaN solar cell [3]. Also, the growth of thick 
 InxGai,N  (x-0.45) on AIN/Si substrate is the first step to the fabrication of an InGaN/Si 
 2-junction tandem solar cell [4]. In this paper, we have studied phase separationin MOVPE 
 InxGai_xN  (x=0.2-0.4) grown at 550-750  °C. It is found that critical thickness for phase 
separation is markedly dependent on growth temperature and, by reducing growth 
temperature toaround 570  °C, an InGaN film with a thickness more than 1 pm can be grown 
without phase separation. Based on the characterization with cross-sectional SEM, RSM 
and SIMS, initiation mechanism of phase separation isalso discussed in this paper. 
EXPERIMENTAL 
  The growth of InGaN alloys was made using a MOVPE system with a horizontal reactor. 
 Si(111) wafers with a layer of separately MOVPE-grown AIN (100 nm thick) were used as 
substrates.  a-A1203(0001) and GaN/  a-A1203(0001) were also used as substrates for 
comparison.  InxGai_xN alloys  (x=0.2-0.4) were grown directly on the substrates. 
Triethylgallium (TEG), trimethylindium (TMI), and ammonia (NH3) were used for Ga, In, and N 
sources, respectively, and TMI/(TMI+TEG) molar ratio in the vapor was kept at 0.4 in this 
study. Growth temperature was varied from 550 to 750  °C, while growth pressure was fixed at 
150 Torr. Growth rate of InGaN was about  0.2-0.7 pm/h depending on growth temperature, 
and InGaN films with a thickness of 0.2-2 pm were prepared. The structures of the films were 
characterized by high resolution x-ray diffraction (HRXRD), and field emission scanning 
electron microscopy (FESEM). By using the HRXRD, composition and reciprocal space 
mapping (RSM) for InGaN were also obtained. Depth profiles of In and Ga atoms in InGaN 
films were measured with the secondary ion-mass pectrometer (SIMS) (outsourced toToray 
                              3
Research Center, Inc., Japan).
RESULTS AND DISCUSSION 
   Figure 1 shows the X-ray diffraction 28/w profiles for epitaxial  InxGai,N films grown on 
AIN/Si substrates at a temperature between 570 and 700  °C. All films were prepared with a 
growth time of 90  min and with a constant TMI/(TMI+TEG) molar atio of 0.4. With increasing 
growth temperature, both growth rate and InN composition for the grown films were 
decreased. The reduction of InN composition ismainly due to the evaporation of In from the 
growing surface. On the other hand, the reduction of growth rate with increasing rowth 
temperature s ems to be brought by the increased consumption ofthe source materials (TMI 
and TEG) at the upstream side of the susceptor. This is because the substrates were placed 
at the center of the 20 cm-long susceptor in the horizontal reactor. All the films shown in Fig. 
1, except for that grown at 570  °C, are judged to be phase separated ue to the following 
reason. As reported previously [2], InN-rich  Ini_yGayN (y-0.03) and GaN-rich  InzGai,N 
(z-0.03) emerges as a result of phase separation of epitaxial  InxGai_xN  (x-0.30). However, 
phase-separated samples usually show a metallic  Ini_yGay ( -0.03) and GaN-rich  InzGai_zN 
(z-0.03) peaks. This is because the InN-rich  Ini_yGayN (y-0.03) is unstable and easily 
decomposed into metallic In containing about 3 at% of Ga  (Ini_yGay ( -0.03)). Occasionally, a 
weak peak of the InN-rich  Ini_yGayN (y-0.03) is observed in grown samples [2], although it is 
not found in Fig. 1. For the film grown at 700  °C, the peak of the metallic  Ini_yGay ( -0.03) is 
scarcely seen, while the peak of  GaN-rich  InzGai,N (z-0.03) is clearly observed. This is due 
to the evaporation ofmetallic In from the growing surface due to the high growth temperature 
(700  °C). The results in Fig.1 show that the film grown at  650°C has the most severely 
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phase-separated situation since the intensity of the GaN-rich  InzGai_,N is the highest. As 
described above, we can define a phase separated sample to have the  GaN-rich  InzGai,N 
peak, at least, in addition to the epitaxial  InxGai_xN peak. One should pay attention to that he 
detection of phase separation by X-ray diffraction  20/w profile is difficult for samples grown 
on  GaN templates or  GaN substrates at relatively high temperatures 700  °C), because the 
GaN-rich  InzGai_zN peak is very close to that for GaN. Figure 2 shows the X-ray diffraction 
 20/w profiles for epitaxial  InxGai,N films with a different thickness grown at  650°C on AIN/Si 
substrates. The film with a thickness of 0.7 pm (Fig. 2(a)) shows no phase separation, while 
that with a thickness of 1.1 pm (Fig. 2(b)) shows phase separation. In spite of the same 
growth conditions for both samples in Fig. 2, except for growth time, the epitaxial  InxGai,N in 
the sample (b) has a lower InN content compared with the sample (a) with a shorter growth 
time. This indicates that parts with a higher InN composition i  the epitaxial  InxGai_xN are 
preferentially consumed to form the metallic  Ini_yGay (y-0.03) and the GaN-rich  InzGai_zN 
 (z-0.03), as reported previously [2]. Figure 3 shows X-ray diffraction 28/w profiles for 
epitaxial  InxGai_xN  (x-0.30) films grown at  700°C on  a-A1203 and AIN/Si substrates. In this 
case, a film with a thickness as small as 0.4 pm shows phase separation. As pointed out 
above, the peak of  Ini_yGay ( -0.03) is scarcely observed in this case. Note that no marked 
differences are found in the emergence of phase separation between AIN/Si and  a-A1203 
substrates. 
   In order to know the general trend of the emergence of phase separation, InGaN films 
with and without phase separation are plotted in Fig. 4 on the plane of film thickness and 
growth temperature. The dotted line in Fig. 4, which is drawn between samples with and 
without phase separation, shows critical thicknesses for phase separation at different growth 
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temperatures. One can see that critical thickness is markedly decreased with increasing 
growth temperature. No marked differences are found in critical thicknesses between 
 AIN/Si(111) and  a-A1203(0001),  GaN/a-A1203(0001) substrates. Thus, phase separation is 
effectively suppressed by reducing rowth temperature. However, the crystalline quality of 
InGaN is deteriorated with reducing growth temperature, as reported previously [5]. 
Therefore, further investigations are needed to improve the quality of such low 
temperature-grown InGaN in order to realize high-performance d vices. Generally, an 
epitaxial film grown under conditions far from thermal equilibrium is known to be a "frozen" 
solid [6]. Such a solid can be decomposed into two phases through the solid-state diffusion of 
constitutional toms, in order to minimize the free energy of mixing for the system [1]. 
Because rate of the decomposition is governed by diffusion mobility of constitutional atoms, it 
should be increased as growth and/or annealing temperature increases. Therefore, the 
reduced critical thickness for higher temperature-grown samples, shown in Fig. 4, is 
explained by the increased iffusion mobility of constitutional toms. The existence of a 
maximum thickness (critical thickness) that can be grown without phase separation was 
reported for  In0.65Ga0.35N films by Pantha et al. [7] for the first time. They found that critical 
thickness was markedly increased with increasing rowth rate, and interpreted such an 
increase in critical thickness to be due to the shift of the thermodynamic condition toward 
more nonequilibrium-like. This means that an InGaN grown with a high growth rate is less 
affected by the decomposition reaction during growth. A shorter growth duration may be 
more effective to suppress phase separation, because the annealing time for the initially 
grown InGaN near the substrate is reduced. We have checked which is more dominant 
against he emergence of phase separation between growth temperature and growth rate. 
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Two epitaxial  InxGai,N  (x-0.30) films with 0.5 pm thickness were grown at  600°C with a 
different growth rate, 0.2 and 0.7 pm/h. No phase separation was generated in both cases. 
As seen in Fig. 4, critical thickness for phase separation i  InGaN grown at 600  °C is -1 pm. 
Thus, growth temperature is found to be more dominant han growth rate under the 
conditions employed in the present study. 
  Also plotted in Fig. 4 are growth temperatures and thicknesses for InGaN samples 
reported in the literatures [8-12]. These samples were grown to contain InN compositions 
(0.1-0.4) similar to those for InGaN samples studied in this study. Due to growth 
temperatures higher than  700°C and film thicknesses larger than 0.15  juin, it is obvious that 
those samples were grown under the conditions where phase separation occurred. For the 
sample reported by Muller et al. [12], for example, critical thickness is estimated to be „5,0.1 
pm. In all the samples reported [8-12], a two-layer structure was found. Such a two-layer 
structure isa "result" of phase separation. 
   Figure 5 shows cross-sectional SEM images for InGaN samples at a different stage of 
phase separation at  650°C. As reported previously [2], phase separation of InGaN grown at 
around  650°C is accompanied with the formation of porous regions in the films. The 
formation of such porous regions is a characteristic feature of phase separated samples with 
the metallic  Ini_yGay. Therefore, the observation ofporous regions gives us useful information 
about phase separation. Note that the porous region shown in Fig. 5(b) is formed at around 
the middle part of the film and is about 200 nm, at least, far from the InGaN/AIN interface. It
should be also pointed out that such a part has no signs of phase separation when thickness 
is around 0.7 pm (Fig. 5(a)) or less. As phase separation proceeds further, the porous region 
is extended to the InGaN/AIN interface as shown Fig. 5(c). In this process, the  non-
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stoichiometric metallic  Ini_yGay ( -0.03) enhances the decomposition by solving parts with a 
higher InN composition in the epitaxial  InxGai_xN. Once metallic In-Ga is formed by the 
thermal decomposition of InN-rich  Ini_yGayN, it enhances the decomposition reaction by 
solving InN-rich parts preferentially. This means that the thermal decomposition of InN-rich 
 Ini_yGayN can initiate the decomposition reaction of epitaxial InGaN. This is similar to the 
case of the thermal degradation of InGaN/GaN quantum wells, where the degradation is 
initiated at InN-rich clusters [14]. Once metallic In-Ga is formed, it is  difficult to suppress the 
decomposition reaction of InGaN because metallic In is not converted into InN even if it is 
annealed in the NH3 atmosphere at around 600  °C [15]. The situation of phase separation i  
InGaN grown at  ,,700  °C should be different from that for samples grown at <700  °C. That is, 
phase separation in high temperature-grown InGaN does not proceed so fast because the 
metallic In as a result of phase separation is evaporated so swiftly. In such a case, a 
two-layer structure, a combination of a layer near the substrate with a homogeneous InN 
content and a phase-separated layer with large compositional fluctuations [12, 13], seems to 
be formed. 
   From the viewpoint of thermal annealing of a grown film, a part just contacted with the 
AIN/Si substrate should suffer the most severe annealing with the longest ime during growth. 
Such an idea is supported by the results for high temperature  (650°C)-grown I N on sapphire 
[16]. In that case, the thermal decomposition of InN was started just near the  a-A1203 
substrate and cavities with some facet planes were formed there. As growth time increases, 
the thermally deteriorated region was expanded to the film surface. Although the cavity 
formation i  the porous region in the phase-separated InGaN (Figs. 5(c)) is very similar to the 
case for the thermally deteriorated InN films, the direction of the expansion of the deteriorated 
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region is reverse ach other. The results hown in Fig. 5(b) show that he parts just contacted 
with the AIN/Si substrate is not a starting point of phase separation. This fact suggests a 
possibility either that there are some causes to suppress phase separation near the 
substrate interface, such as strain and/or compositional change in the InGaN, or that there 
are some causes to initiate phase separation in the middle or surface part of the film. To 
confirm it, the measurement of reciprocal space mapping (RSM) and the secondary 
ion-mass pectrometer (SIMS) analysis of the samples were conducted. Figure 6 shows the 
RSM of the (20-25) reflections by HRXRD for a 0.3 pm-thick  In,Gai_xN (x=0.3) grown on a 
 GaN/a-A1203 template. The results in Fig. 6 clearly show that the InGaN film is grown under 
the fully-relaxed condition even on a  GaN/a-A1203 template. Therefore, strain in the film is 
ruled out as a major eason for the stability of the film. Of course, the  InxGai_xN (x=0.3) grown 
on  GaN/a-A1203 template has a layer affected by the composition pulling effect, as shown 
later with SIMS data. However, the effect is limited to a very thin  (< 50 nm) region from the 
substrate interface. Figure 7 shows the SIMS profiles of Ga and In atoms in  InxGai_xN (x=0.3) 
films without phase separation grown on  GaN/a-A1203 and AIN/Si substrates at  650°C. An 
intensity In/Ga ratio normalized by a value at the middle part of the film is also plotted in the 
figures. The results for the film grown on  GaN/a-A1203 (Fig.  7(a))  show that the layer affected 
by the composition pulling effect is limited to approximately 50 nm thick and, except of this 
layer, the fluctuation of In/Ga ratio is within ±10% over the entire region of the 0.3 pm thick 
sample. Even in the case for the film grown on AIN/Si (Fig. 7(b)), In/Ga ratio is constant over 
the range of 0.3 pm thick from the substrate interface. Itis reasonable to consider that he film 
on AIN/Si is also grown under the fully-relaxed conditions. Without introducing strain, thus, a 
thick  (, 0.3 pm) InGaN film with a constant composition can be grown. This is in contrast 
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with the results reported by Muller et al. [12]. In their study, it apparently seems to show that 
the relaxed layer was phase separated and only the —40 nm thick layer strained by the 
composition pulling effect was free from phase separation. This was due to that strain was 
known to suppress phase separation [17]. As seen in Fig. 4, their sample is expected to have 
a critical thickness for phase separation of  0.1 pm. In such a situation, only the strained 
layer seems to be able to escape from phase separation. However, this does not mean that 
strain is inevitable to suppress phase separation and relaxed layers are always phase 
separated. As described above, thick  (., 0.3 pm) InGaN films without strain can be grown 
without phase separation. 
   It is noted that, in Fig. 7(b), the fluctuation of intensity In/Ga ratio is considerably 
increased at a thickness of 0-0.2 pm from the film surface. Since this region is in agreement 
with the parts where porous regions are formed at a relatively early stage of phase 
separation (Fig. 5(b)), there is a possibility that the phase separation initiation is closely 
related to such a large In/Ga ratio fluctuation. It was reported that InN-rich clusters initiated 
the phase separation in InGaN/GaN quantum well structures [14] and dislocation sites in 
InGaN well layers contained higher In compositions [18]. Also, the surface segregation of In 
and composition fluctuations were found in MOVPE InGaN [19]. Such unstable growth of 
InGaN and inhomogeneities n grown InGaN seems to be closely correlated with the initiation 
of phase separation. Regarding phase separation in InGaN films with InN contents more 
than 0.4, we don't have enough data to discuss it at present. The followings are our 
speculation based on the experiences. The MOVPE growth of InGaN with a full composition 
range has been performed previously [20]. As reported there, a film with a higher InN content 
shows a larger  FWHM value of X-ray diffraction  20/w profile (except for the binary compound 
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 InN). This fact indicates that such a film has a larger fluctuation ofcomposition. As discussed 
above, a film with a higher compositional inhomogeneity or fluctuation seems to have more 
serious phase separation. 
   This work was done using only one type of reactor. Therefore, it is difficult for us to 
discuss any effects of reactor design on phase separation. On the other hand, we can say 
that reactor design should be fixed to one type when we study effects of growth temperature 
and film thickness. Since phase separation isa phenomenon occurring in a deposited InGaN, 
reactor design is believed not to be directly correlated to phase separation. Because of the 
following reason, however, there is a possibility that reactor design has an effect on phase 
separation. As discussed in this paper, phase separation seems to be initiated at parts 
containing a higher InN content. Degree of such inhomogeneity in a film can be dependent 
on reactor design. For example, a reactor containing turbulent flows of source gasses in the 
growth zone may result in a serious compositional inhomogeneity in a grown film. A film 
grown using such a reactor will have severer phase separation due to the serious 
compositional inhomogeneity. 
   Furtherinvestigations are needed to confirm above hypotheses and speculation, and to 
improve the quality of low temperature  (. 600  °C)-grown InGaN in order to realize 
high-performance devices.
CONCLUSIONS 
  We have studied phase separation in thick (-1 pm)  InxGai_xN (x = 0.2-0.4) grown at 
 570-750°C on  AIN/Si(111),  a-A1203(0001) and  GaN/a-Al2O3(0001) substrates. Critical 
thickness of phase separation of  InxGai_,N is found to be markedly increased with 
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decreasing rowth temperature. No difference in critical thickness are found between 
 AIN/Si(111) and  a-A1203(0001),  GaN/a-A1203(0001) substrates. The cross-sectional SEM 
views of phase-separated films grown at  650°C show that phase separation is initiated at 
parts farer more than 0.2 pm from the substrate and extended to the area near the substrate. 
RSM and SIMS measurements show that an InGaN film grown on a  GaN/a-A1203 template 
are relaxed, although it contains a thin (-50 nm) strained layer at the InGaN/GaN interface. It
is shown that thick 0.3 pm) InGaN films without strain can be grown without phase 
separation. FESEM and SIMS analysis how a possibility hat phase separation is initiated at 
parts with large In/Ga ratio fluctuations inthe film.
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FIGURE CAPTIONS 
Fig. 1. X-ray diffraction  281w profiles for epitaxial  InxGai,N  (x=0.26-0.35) films grown on 
AIN/Si substrates with a constant TMI/(TMI+TEG) molar ratio 0.4. Growth time is 90  min for 
all samples. 
Fig. 2. X-ray diffraction 281w profiles for epitaxial  InxGai_xN  (x-0.35) films with a different 
thickness grown at  650°C. 
Fig. 3. X-ray diffraction  28/w profiles for epitaxial  InxGai,N (x-0.3) films with a different 
thickness grown on  a-A1203 and AIN/Si substrates at  700°C. 
Fig. 4. Mapping of InGaN films with and without phase separation, displayed on the plane of 
film thickness and growth temperature. The  dotted line is drawn between samples with and 
without phase separation, shows critical thicknesses for phase separation at different growth 
temperatures. Also plotted are growth temperatures and thicknesses for InGaN samples 
reported in the literatures  [8-12]. 
Fig. 5. Cross-sectional SEM images for epitaxial  InxGai_xN  (x-0.35) films with a different 
stage of phase separation. 
Fig. 6. Reciprocal space mapping (RSM) of the (20-25) reflections by HRXRD for a 0.3 
pm-thick  InxGai,N (x=0.3) grown on a  GaN/a-A1203 template. 
Fig. 7. SIMS depth profiles of In and Ga in InGaN films without phase separation grown on 
 GaN/a-A1203 and AIN/Si substrates at 650  °C. Intensity  In/Ga ratio normalized by a value at 
the middle of the film is also shown.
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Fig. 7. A. Yamamoto et al.
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